Summary
The ventilatory response of 1 I growing premature infants to external inspiratory resistive loads was evaluated. Air flow, tidal volume, minute ventilation, inspiratory duration and total breath duration were measured before and after application of a flow resistive load. A significant (P < 0.001) immediate decrease in minute ventilation and tidal volume was observed in all infants after load application. Minute ventilation and tidal volume remained decreased throughout the 10-min study period. Minute ventilation and tidal volume for the group decreased to 48 and 50% of control mean value, respectively. In addition, there was a significant (P < 0.001) sustained increase in inspiratory time resulting in an increase in the ratio of inspiratory timeltotal respiratory time.
Abbreviation TI/'II., respiratory timing expressed as inspiratory time divided by total respiratory time
Recent monitoring techniques have demonstrated that airway obstruction occurs frequently in premature neonates recovering from respiratory disease (1, 28). Upper airway obstruction has been shown to produce significant ventilatory deficiency particularly in prcterm infants (4, 14) and has been suggested as one of the etiologies of apnea (14, 24) . Several investigators have shown that upper airway obstruction can result from passive or active neck flexion, occlusion of the oropharynx by the tongue due to sleep-induced relaxation of genioglossus muscle, or edema of the upper airway in infants with nasopharyngitis (20, 25, 27) .
Although airway obstruction can occur frequently in premature infants, there is little information on the physiologic response to either partial or complete obstruction. The ventilatory response of premature infants to a flow resistive load to simulate partial airway obstruction was studied (6): however. these infants were only exposed to t h~s load for the duration of one breath. In order to understand the role of different types of flow resistive loads in infants, it may be necessary to evaluate inspiratory and expiratory loads separately.
The purpose of this study is to evaluate the immediate and sequential effects of an external inspiratory flow resistance on the ventilatory response of growing premature infants. These data should be useful in understanding compensatory mechanisms involved in partial airway obstruction.
MATERIALS AND METHODS
Eleven infants were studied after recovery from respiratory disease. They did not have cardiorespiratory diseases at the time of the study or any evidence of intracranial hemorrhage during the course of hospitalization. The infants had estimated gestational ages ranging from 28-36 wk, a mean birth weight of 1.50 + 0.1 3 kg, and mean study age of 4.15 + 1.10 postnatal wk.
They were studied in sleep approximately 30 min after a feeding.
Ventilatory response was evaluated with the infant in the supine position breathing room air, through a soft rubber face mask (Ohio Products), which tightly covered the infant's mouth and nose. A heated pneumotachygraph (Hewlett-Packard 2 1069) was used to measure air flow. The pneumotachygraph was attached to the face mask and a one-way nonrebreathing T-valve. Flow signals were integrated to produce tidal volume by a Hewlett-Packard flow-integrator (NO. 8802A). The end tidal CO, was measured by a Cavitron Anard Gas Analyzer at a pump flow rate of 100 ml/min through continuous sampling from the mask air. A Litton Oxymonitor (Model No. 23604803) was used for transcutaneous oxygen tension monitoring.
A standard length endotracheal tube, 2.5 m m in diameter, was used for the inspiratory flow resistive load. The endotracheal tube was narrowed by a central adjustable screw clamp, 3 m m wide, to produce different resistances (18) . For the study, each infant was evaluated with two different resistances. These resistances (R, = 100 cm H20. L-' .s-' and Rz = 150 cm HzO . L-' .
s-I at 1 L/min flow rate) were selected as a mid and mid-high resistive loads by a preliminary testing of 10 different resistances in preterm infants to determine maximum tolerated air flow resistive load for a period of 30 min. The flow resistance of each load was determined by measurement of the generated pressure difference across the resistor created by air flow in the range of 0-5 L/min. These simultaneous air flow and pressure measurements were recorded on a Hewlett-Packard X-Y recorder. The resistance of each load was linear up to flow rates above those encountered experimentally (2 L/min). The resistance was added to the inspiratory limb of the non-rebreathing valve at end expiration, and the expiratory limb remained open to room air. Mask and system dead space varied slightly from patient to patient depending on facial configuration and it was approximately 4.5 ml. The total resistance of the circuit was calculated to be 15 cm HzO. L-' . s-I, at a flow rate of 1 L/min.
During a control period of 5 min, the infants breathed through the face mask and circuit while ventilatory parameters and endtidal C 0 2 were recorded. Flow resistance was then added to the inspiratory limb of the non-rebreathing valve for 10 min. A minimum of 2 h was allowed for recovery between two different resistances (R, and Rz).
Tidal volume, flow rate, esophageal pressure, respiratory frequency, (TIIT,) were calculated from the tracing before, immediately, 5, and 10 min after application of resistances in steady state respiration. Minute ventilation was the product of tidal volume and respiratory frequency. The ventilatory parameters were calculated as a mean of five successive breaths.
The infants were monitored throughout the study period with a cardiorespiratory monitor, transcutaneous oxygen monitor and end-tidal COz monitor. All signals were displayed on an 8-channel recorder (Hewlett-Packard Model No. 7758B).
All measurements of ventilatory parameters were made during quiet sleep. Sleep state was monitored in these infants using described behavioral signs of body movements along with a biocular recording of eye movements (23) . Rapid eye movement sleep was characterized by presence of rapid eye movements, rapid fine twitching movement of the face and hands, and irregularity of tidal volume and respiratory frequency. Quiet (non-REM) sleep was characterized by the absence of both rapid eye movements and somatic activity, and by regular tidal volume and respiratory frequency.
The protocol for this experiment was approved by the Committee on Investigation and Activity Involving Human Subjects. Informed consent was obtained from parents before the study. Data were analyzed and comparisons made between control and experimental periods using the paired Student's t test. Table 1 summarizes control respiratory function data for all 1 1 patients. Tidal volume, respiratory frequency, minute venti- Table 1 . Control pulmonary function data of 11 lation, inspiratory and expiratory flow, and end-tidal (alveolar COz) are consistent with values previously reported for infants of similar gestational age and weight (19) .
RESULTS
Infants tolerated the study well and did not demonstrate changes in heart rate, transcutaneous Poz or sleep state after applying the mask with or without resistances. No infant had apnea (cessation of breathing for more than 15 s) during the study period. A typical response to inspiratory loading (low resistance, Rl) is shown in Figure 1 ventilation for all patients after application of inspiratory resistive loading. As shown, there was both an immediate (first five breaths) and sustained (up to 10 min) significant decrease of 50% ( P < 0.01) in both tidal volume and minute ventilation. Tidal volume decreased from a mean control value of 12.9 ml to 6.7 ml immediately, 8.1 ml 5 min and 7.8 ml 10 min after resistive load application (R,). After 2 h, the application of R2 resulted in a decrease from a control value of 13.7 to 6.8 ml immediately, 7.2 ml at 5 rnin and 7.4 ml at 10 min. Minute ventilation decreased from a mean control value of 723.9 ml to 344.5 ml immediately, 428.1 ml at 5 min, and 396.6 at 10 min alter resistive load application (R,). The application of R2 resulted in a decrease from a control value of 787.9 ml to 344.5 ml immediately, 377.5 ml at 5 rnin and 374.5 ml at 10 min. shows responses in mean t SEM values for respiratory frequency and TJTT after application of inspiratory resistances. Respiratory frequency did not change significantly either immediately or at 5 and 10 min after application of the inspiratory resistances. As would be expected from an added inspiratory flow resistance, inspiratory time was prolonged resulting in a significant increase in TI/TT immediately and at 5 min after application of R2.
infants studied with inspiration flow resistances
End-tidal C 0 2 increased slightly (34.5 to 35.7 m m Hg) during load application. Transcutaneous oxygen readings did not change significantly from the control value throughout the study. The ventilatory patterns returned to the control level of ventilation within two to three breaths after removal of the resistance from the circuit.
DISCUSSION
This study demonstrates that preterm infants who have recovered from cardiopulmonary disease exhibit an immediate and sequential ventilatory response after the application of an inspiratory flow resistive load. This response was characterized by a decrease in tidal volume, minute ventilation and expiratory flow, with no significant change in respiratory frequency. In addition, there was a significant increase in inspiratory time. Previous investigations with expiratory flow resistance in neonates have demonstrated increases in lung volume and transient changes in tidal volume and breathing rates (1 8). These changes are similar to the breathing response seen after intermittent mandatory ventilation breaths in neonates (22) . In contrast, we found that the application of an inspiratory flow resistance results in a sustained reduction in tidal volume and minute ventilation. The immediate decrease in tidal volume and minute ventilation is an expected response after the application of an inspiratory resistive load and has been demonstrated in both conscious adult subjects and laboratory animals (2, 8, 17) . This reduction of tidal volume and minute ventilation is proportional to the size of the inspiratory resistive load with less change in ventilation with small loads and greater decrease in ventilation by larger load (3, 12, 29) .
The sustained reduction in tidal volume and minute ventilation with load application has not been shown previously. Conscious adult subjects manifest an increase in tidal volume above that of first breath with each successive breath after inspiratory load application. This increase in effort to maintain tidal volume breathing through the inspiratory resistor is called load compensation. The compensation of adults to added inspiratory loads starts with the first loaded breath (1, 9) . The compensation of the first breath is believed to be due to intrinsic properties of the respiratory muscles (1). The mechanism of progressive load compensation is not clear. Progressive increases in tidal volume after loads has been attributed to the load compensatory reflexes originating from the chest wall. Peripheral chemoreceptor stimulation by hypoxia has also been suggested as a mechanism of load compensation over a period of time. This hypothesis is based on the observation that subjects who breathe higher concentrations of oxygen than room air had less progressive increases in tidal volume than subjects who breathed room air (16) . Also this increase in tidal volume of subsequent breaths was completely abolished by breathing 100% oxygen in a number of studies (9, l I).
In contrast to conscious adults and laboratory animals, the study infants did not manifest a progressive increase in l.idal volume after load application; however, this lack of progressive compensation in our study infants is similar to the response of adult men and study animals under light anesthesia breathing spontaneously through a tubular resistor (28) . Added inspiratory resistance induced an increase in the neural stimuli to inspiratory muscles in adult laboratory animals even when chemical stimulus to breathing was held constant (15) . Anesthetized animals did not show any changes in neural stimulus, which emphasizes the importance of higher brain centers and level of consciousness in increasing inspiratory effort to maintain adequate tidal volume.
It has been shown that changes in consciousness affect pharyngeal dimension in adults and infants (20, 2 I). Obstructive apnea is seen in association with naturally producing narrowing of naso and propharynx with neck flexion in sleeping preterm infants and in infants with congenital retrognathia (7) . For these reasons and because newborn infants can spend up to 80% of each 24-h period in sleep, we elected to study our infants in sleep.
The end-tidal C 0 2 and transcutaneous oxygen monitor did not change significantly with added inspiratory resistance although there was a reduction in minute ventilation. Other invcstigators have observed this lack of expected elevation of blood C 0 2 with reduction in minute ventilation in infant and animal studies using arterial catheters for blood gas sampling. This maintenance of blood COz tension in face of decreased minute ventilation has been hypothesized by these authors to be the result of more efficient ventilation, a decrease in physiologic dead space (5, 13) or changes in metabolic rate. We conclude that in these infants, as in adults under light anesthesia, the respir-atory control system does not react to an increase in inspiratory resistance by increasing respiratory effort to return tidal volume to control levels.
